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We re-examine the hypothesis that the Ellis-Jaffe sum-rule might hold at some low scale (appropriate to a quark 
model) but that the singlet axial charge rapidly evolves to zero at the scale of the EMC experiment. Not only does 
such an explanation generate a significant polarised strange sea, but also a polarised charmed quark sea. The latter 
should be clearly visible as a sudden decrease in the integral of glp above the threshold for charm production. 

The recent measurement o f  the spin structure func- 
tion of  the proton, g~p(x), by the European Muon 
Collaboration [1,2] has sparked enormous theoreti- 
cal interest [3-9] .  Much of  this work has been aimed 
at understanding why the first moment  (Glp) is 
much smaller than suggested by the Ellis-Jaffe sum- 
rule [ 10 ]. Fundamental  work by Kodaira had shown 
that the two-loop anomalous dimension for G~p was 
non-zero [ 11,12 ]. This was exploited by Jaffe [ 13 ] 
in an early explanation of  how the discrepancy in the 
sum-rule might arise. His proposition was that the 
polarised strange quark content of  the proton, As, 
might indeed be zero at a relatively low scale (say ¢t~ ) 
appropriate to a typical quark model [ 14 ]. However, 
the potentially rapid evolution of  the flavour singlet 
component  of  Gtp (i.e., Aq0 ) could lead to a signifi- 
cant negative value of  As at 1-2 GeV 2 or higher. 

In a closely related investigation, Manohar  [ 15 ] ex- 
tended the earlier work of  Witten [ 16 ] and Abbott 
and Wise [ 17 ] to estimate the contributions of  heavy 
quarks (c and b) to Glp. Following ref. [15] we de- 
fine A(nf)  "*ab a s  A (ma, mb; r / f ) ,  which is the scale factor 

lnA (Ql, Q2; nf) 

= n, as(Q'~)as(Q2---~) l n { Q l )  (1) 
zc z~ \ Q2 ] 
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derived from Kodaira's two-loop anomalous dimen- 
sion. Let us suppose that there is a negligible heavy 
quark component in the proton (p, s[-bTu ~'sb IP, s) and 
(P, sl-d7u75c[p,s ) at the beauty and charm threshold 
respectively. Then one finds for Q2 > >  m~ 

Ab (Q2) = A(3)Q0c LrA(4)cb ½ 'tA(5)bQ -- 1 ) ]Aqo (Q~) (2) 

and 

A (3) r 1 .(4) Ac(Q2) =,.O0ct~(Acb - 1) 

A(4)I (d (5) 1)]Aqo(Q 2 ) '1" cb 5 ~'*bQ -- (3) 

Using the value of  Aq0 measured by EMC at the scale 
Q2 ~ 10GeV 2 [viz. Aq0(Q02) = 0 .13+0.19]  eqs. (2) 
and (3) yield 

Ab(Q 2) ,,~ - ( 1 . 4 4 - 2 . 1 )  x 10 -3 , 

Ac(Q 2) ~ - ( 2 . 4 +  3.5) x 10 -3 (4) 

in the limit Q2 >>  mb 2 (neglecting t-quark effects). 
Clearly in this scenario charm and beauty play a neg- 
ligible role in glp. 

Obviously it would be very valuable to have an 
experimental measure of  the contribution of  strange 
(and heavier) quarks to the spin structure function. 
A number of  authors [18-21] have suggested that 
neutr ino-proton (up) elastic scattering through the 
neutral current could provide a measure of  As. While 
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Fig. 1. Contribution to the neutrino proton cross section 
where the Z ° couples through two gluons. 

this is true it is not  the complete story. In fact, restrict- 
ing consideration to two generations for simplicity, 
the Z ° couples to the combination Au - Ad + Ac - As, 
which is non-singlet and therefore not scale depen- 
dent. 

Omission of  the Ac term can lead to some confusion. 
Consider the intrinsic piece of  the up cross section in- 
volving the Z ° coupling to two gluons as shown in fig. 
1. Because of  the famous Adler-Bell-Jackiw anomaly 
[22,23] all flavours must be included in the quark tri- 
angle. Gauge invariance at each vertex of  the Z ° g g  
triangle requires an anomaly free (non-singlet) axial 
coupling at the Z ° vertex. (The anomaly is a flavour 
independent effect.) Indeed, this is why we believe in 
the top quark: it is needed to cancel the anomaly as- 
sociated with beauty. (The mass terms which occur 
when we consider current conservation at the Z ° ver- 
tex are the manifestation of  the spontaneously broken 
gauge symmetry. The apparent loss of  gauge invari- 
ance is restored via the Higgs mechanism.) 

Suppose that As were to evolve rapidly between the 
quark model scale (/22) and the scale at which the 
EMC measurement was made (Q2) _ say As becomes 
A s -  8. Then not only must Au and Ad decrease by the 
same amount  but so must Ac. If, for example, Ac (/202 ) 
were zero (in the spirit of  Ellis and Jaffe) then Ac (Q2) 
would be - 8  - so that the non-singlet combination 
Ac - As remains scale independent. 

Apparently this remarkable consequence of  Jaffe's 
hypothesis has not been noticed before. Indeed it 
appears to be in contradiction with the analysis of  
Manohar. In the rest of  this article we shall first ex- 
plain why this has been missed and how the present 
work can be reconciled with earlier results. Finally 

we shall explore the experimental consequences of  
our findings. 

Let us begin the reconciliation of  our result with the 
earlier work by considering up elastic scattering. The 
quantity Ac defined there is the matrix element of  the 
heavy quark axial current operator ~yu ysc. It involves 
a loop integral over virtual charmed quarks which is 
non-zero at all scales. It contains no threshold factor. 
This is why Ac can be non-zero even at a scale of  zero 
momentum transfer. 

On the other hand, for deep inelastic scattering we 
require an on-mass-shell intermediate state. In the for- 
mal description using the operator product expansion 
this means that the coefficient function of  the charm 
induced quark and gluon operators must vanish at and 
below the c~ threshold (i.e., s ~< 4m 2, where s is the 
centre of  mass energy squared in the y*g collision). 

Now it is clear where our analysis differs from that 
of  Manohar. He assumed that the charm quark op- 
erators can be integrated out into some gluon oper- 
ator matrix elements at the charm threshold (Q2 ,~ 
4m 2 ). Since the spin-one gluon operators in the oper- 
ator product expansion start at twist 4 he argued that 
heavy quark matrix elements should vanish at thresh- 
old, which is in line with the original Ellis-Jaffe hy- 
pothesis. It is clear from our discussion of  up scat- 
tering that this integration procedure is not valid in 
the presence of  the anomaly. If  it were applied to the 
process of  fig. 1 then gauge invariance would be lost 
at the Z ° vertex. 

While the arguments of  ref. [15] are not techni- 
cally correct in the presence of  the anomaly, it never- 
theless remains plausible that the matrix element of  
"gYu~'5c could be small at the charm threshold. While 
the coefficient function will always guarantee that the 
charmed quark contribution to deep inelastic scatter- 
ing vanishes below threshold, it is clear that under the 
Jaffe hypothesis the matrix element of  the charmed 
quark operator will not. 

Above the charmed quark threshold (Q2 >> 4m 2) 
the expression for glp (x) is 

glp(x)  = I{4 [Au(x )  + AC(X)] 

+ -~ [aa(x) + as(x)] ) ,  

so that the first moment  becomes 

(~lp = 114( Au + AC) + l ( a d  + / ~ ) ] .  

(5) 

(6) 
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Under  the scenario proposed by Jaffe one would 
therefore expect a relatively dramat ic  decrease in Glp 
as one passes through the threshold for charm pro- 
duction. That  is, Glp should change from the value 
measured by EMC, GIp(EMC) to GIp(EMC) - ~J 
as we pass into the region Q2 > >  4mc2. Numerical ly  
this means a drop from about  0.12 to about 0.08 - 
a very dramat ic  shift! Clearly it is very impor tant  to 
test this idea by extending the EMC measurement  
o f  glp (x, Q2) at a value of  Q2 of  order  15-20 GeV 2 

(or higher) into the low x region as soon as possi- 
ble. (EMC found no evidence for any dramat ic  scale 
change in the large x bins where this Q2 was at tained.)  

We thank R.J. Crewther for a helpful discussion. 
This work was supported in part  by the Austral ian 
Research Council. 
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